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A detailed investigation of the thermal and dielectric properties of a series of binary 
mixtures exhibiting the nematic (N) and twist-bend nematic (NTB) liquid crystal phases is 
presented. The mixtures consist of an achiral, dimeric liquid crystal CB7CB, which forms the 
nematic and twist-bend nematic phases, and a calamitic liquid crystal 5CB, which shows the 
nematic phase. As the concentration of the calamitic liquid crystal is increased, the transition 
temperatures decrease linearly, and the width of the nematic phase increases. The enthalpies of 
phase transitions obtained from DSC measurements show that on increasing the concentration 
of 5CB in the binary mixtures, the enthalpy associated with the N to NTB phase transitions 
reduces considerably compared to a clear first order N-NTB transition in pure CB7CB. The real 
and imaginary parts of the dielectric permittivity are measured as a function of frequency from 
100 Hz to 2 MHz in the nematic and twist-bend nematic phases in planar and homeotropic 
devices. A significant decrease in the average dielectric permittivity as a function of 
temperature for mixtures forming the NTB phase is observed. Measurements of the imaginary 
part of the dielectric permittivity show a relaxation peak in the measured frequency window 
for all of the mixtures exhibiting the NTB phase. The activation energy associated with this 
relaxation process is calculated and is shown to remain constant irrespective of the composition 
of the mixtures. 
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I. INTRODUCTION 
Liquid crystals are a state of matter that exist between conventional solids and isotropic 
liquids. The simplest liquid crystalline phase is the nematic phase. In the nematic phase, the 
mesogens exhibit orientational order along a direction known as the director, n. One of the 
important findings of recent years is the discovery of a second nematic phase, known as the 
twist-bend nematic (NTB) phase [1±11]. In the twist-bend nematic phase, in addition to the 
orientational order, the mesogens spontaneously self-assemble into a helical structure having a 
pitch length of the order of a few nanometers [12,13]. The way in which the helical structure 
is achieved is through the simultaneous twisting and bending of the director in space, hence the 
name µWZLVW-EHQG¶QHPDWLF)LJXUH>14]. It is remarkable that in the twist-bend nematic phase 
the helical structure is spontaneously generated and the phase exhibits degenerate domains of 
opposite handedness, even though the constituent molecules are achiral in nature [15,16]. The 
helical structure is also associated with a temperature-dependent tilt angle ± the angle between 
the director and the helical axis ± which can range up to about 30° [6,13]. Twist-bend nematic 
liquid crystals have attracted a great deal of attention for a number of reasons, including high 
flexoelectric effect [17,18] and ultra-fast response times, making them promising for 
applications in fast-switching photonic and electro-optic devices. A recent paper [19] reporting 
a sub-millisecond electro-optic switching time of a dimer exhibiting the NTB phase suggests 
the prospects of these materials for application in 3D liquid crystal displays and as active 
retarders for quantum computing. 
 
Figure 1 
 The twist-bend nematic phase has been observed in molecules of various architecture, 
including dimers [4,20,21] and bent-core liquid crystals [22,23]. Dimeric liquid crystals consist 
of two mesogenic units linked together via a flexible spacer. The nature, length and parity of 
the flexible spacer decide the angle between the two mesogenic units and hence the 
conformation of the dimer [20]. Dielectric properties have been previously studied for pure 
dimeric liquid crystals of both positive and negative dielectric anisotropies that exhibit the 
twist-bend nematic phase [24±26]. Dielectric spectroscopy measures the dielectric properties 
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of a material, such as relaxation processes occurring within molecules, as a function of 
frequency. It is an excellent technique to probe conformational distribution and changes in 
liquid crystalline structures. Variation in conformations and their population distribution gives 
an insight into the molecular shape of the liquid crystal, which is an important feature in 
determining phase behaviour and physical properties [15,27±33]. This is based on the principle 
that a change in the molecular conformation would change the mean-square dipole moment, 
which provides a direct link to the molecular shape. The mean-square dipole moment is an 
averaged vector sum of dipoles. For dimeric liquid crystals having terminal polar groups on 
the mesogenic units, a change in the molecular shape or orientation of the liquid crystal would 
result in variation of the direction and magnitude of the dipole moment. This would in turn 
affect the dielectric anisotropy of the material. For liquid crystal phases, two components of 
the dielectric permittivity (perpendicular and parallel) can be measured over a range of 
frequencies, which allows for the mean-square dipole moment to be measured perpendicular 
and parallel to the applied electric field.  
In this paper a systematic investigation of the thermal and dielectric properties of a 
series of binary mixtures consisting of the dimeric liquid crystal CB7CB and the calamitic 
liquid crystal 5CB is presented. The CB7CB liquid crystal exhibits nematic and twist-bend 
nematic phases, whereas 5CB exhibits a nematic phase. A complete phase diagram of CB7CB 
and 5CB mixtures is provided with a detailed investigation of the phase transition temperatures 
and transition enthalpies carried out by differential scanning calorimetry. The real and 
imaginary parts of the dielectric permittivity are measured as a function of frequency from 
100 Hz to 2 MHz for both planar and homeotropic alignment of the liquid crystal director and 
the activation energies of molecular relaxations are calculated. 
 
Figure 2 
 
II. EXPERIMENTAL 
A series of binary mixtures was prepared by mixing varying concentrations by weight 
ZW RI ƍƍƍƍ-bis(4-cyanobiphenyl-ƍ-yl)heptane (CB7CB; purchased from SYNTHON 
Chemicals, Germany) with 4-cyano-4'-pentylbiphenyl (5CB, purchased from Sigma Aldrich). 
The chemical structure of the two liquid crystals is given in Figure 2. 
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Dielectric spectroscopy measurements were performed using an Agilent E4980A 
3UHFLVLRQ/&50HWHU'HYLFHVRIȝPVSDFLQJ$:$733:3RODQGKDYLQJDQLQGLXPWLQ
R[LGH,72HOHFWURGHOD\HURIVKHHWUHVLVWDQFHȍ were filled with the liquid crystals in 
their nematic phase, and then glue-sealed. Measurements of dielectric permittivity were 
performed by heating the sample to the isotropic state and cooling down at a rate of 
0.5 °C min-1. 
7KHUHDOİމDQGLPDJLQDU\İފSDUWVRIWKHGLHOHFWULFSHUPLWWLYLW\ZHUHPHDVXUHGDW
0.1 VRMS and 20 VRMS (corresponding to planar and homeotropic alignment of the director, 
respectively) as a function of frequency from 100 Hz to 2 MHz. A uniform planar alignment 
has been obtained in the nematic phase for both pure materials and the mixtures for the 
dielectric experiments. More details on the textures seen in the NTB phase are given in the 
µSRODULsLQJRSWLFDOPLFURVFRS\¶VHFWLRQObtaining spontaneous homeotropic alignment in the 
twist-bend nematic phase is challenging. The homeotropic alignment mentioned here was 
uniform and optically dark (no transmission in the high field state) between crossed polarisers 
for both the nematic and NTB phases for all the materials across the phase diagram. The static 
nature of the dark state has also been checked to make sure of absence of electro-convection. 
The homeotropic permittivity can also be obtained by extrapolating the permittivity measured 
as a function of applied voltage in a planar device through 1/Voltage extrapolation. Voltages 
between 0.1 VRMS and 20 VRMS were continuously applied to the device, whereby the 
permittivities obtained at 10 kHz were then extrapolated to obtain a permittivity at infinite 
voltage. A comparison of the permittivity measured in the homeotropic geometry of the 
nematic phase and by 1/Voltage extrapolation gave values within ± 0.5. 
In order to obtain the dielectric strength and relaxation frequency of the relaxation 
processes, the dielectric loss was fitted to the Havriliak-Negami equation [34]: ߝכሺ߱ሻ ൌ ߝᇱ െ ݅ߝᇱᇱ ൌ ߝஶ ൅ ෍  ?ߝ௞ሾ ? ൅ሺ݅߱߬୩ሻఈೖሿఉೖ െ ݅ߪ஽஼߱ߝ଴௞ୀଵǡଶ  
where ߱ ൌ  ?ߨ݂ (݂ is the frequency in Hz) and ߝ଴ is the permittivity of free space, ߝஶ is the 
permittivity at the high-frequency limit,  ?ߝ௞ is the strength of the relaxation mode and ߪ஽஼ is 
the DC conductivity. The relaxation time is characterised by ߬௞ and the parameters Įk and ȕk 
describe the shape of the spectra. For a Debye relaxation Į = ȕ = 1, and for a Cole-Cole 
distribution Į < 1 and ȕ = 1 [34]. 
The polarising optical microscopy (POM) experiments were carried out using a Leica 
DM2700P polarisation microscope. A Linkam THMS600 hot stage connected to a Linkam 
T95-PE temperature controller was used to control the sample temperature. Phase transition 
temperatures were determined by cooling the samples at 0.1 °C min-1. 
For differential scanning calorimetry (DSC) experiments, a DSC Q20 V24.11 Build 
124 was used. Heating and cooling cycles were performed at a constant rate of 10 °C min-1. 
The phase transition peaks were integrated to obtDLQWKHDVVRFLDWHGHQWKDOSLHVǻH in kJmol-1) 
of transition. Enthalpies of the phase transitions for a particular onset temperature were 
calculated using the latent heat (Jg-1) given in the DSC graphs and the molar mass of the 
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materials. Dimensionless entrRSLHV RI SKDVH WUDQVLWLRQV ǻS/R) were calculated using the 
WUDQVLWLRQHQWKDOSLHVǻH, onset temperatures and the gas constant R. 
 
III. RESULTS AND DISCUSSION 
A. Phase diagram of the binary mixtures of CB7CB and 5CB liquid crystals 
The chemical structures and transition temperatures of CB7CB and 5CB liquid crystals 
are given in Figure 2. CB7CB consists of two rigid cyanobiphenyl mesogenic units linked via 
a flexible methylene spacer. The cyano- groups lie along the long molecular axes of the two 
mesogenic units and they are the largest contributors to the total dipole moment of the liquid 
crystal. 5CB is a monomeric liquid crystal having a similar molecular structure to that of the 
monomer of CB7CB. A series of binary mixtures of CB7CB with 5CB were prepared to 
understand the influence of the calamitic liquid crystal 5CB on phase transition temperatures 
and on the stability of the NTB phase. Previously, a detailed investigation by freeze-fracture 
transmission electron microscopy had been made on similar binary mixtures [11]. Figure 3 
depicts the phase diagram obtained for CB7CB by means of polarising optical microscopy 
where the transition temperatures are comparable to those reported in reference [11]. As the 
concentration of 5CB increases, the phase diagram clearly shows a linear decrease in the 
isotropic to nematic and the nematic to twist-bend nematic phase transition temperatures as 
well as an increase in the width of the nematic phase. The mixtures were carefully investigated 
by POM (more details are provided later) to check for any visible phase separation, however, 
no noticeable immiscibility of the two liquid crystals is observed across the phase diagram. 
 
Figure 3 
 
B. Differential scanning calorimetry 
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Table 1 lists the phase transition temperatures of pure CB7CB and 5CB liquid crystals 
and their mixtures, obtained using polarising optical microscopy (POM), as well as phase 
WUDQVLWLRQ HQWKDOSLHV ǻH) obtained from the second cooling cycle of differential scanning 
calorimetry (DSC) experiments. Representative DSC curves of pure materials and mixtures 
M35, M40 and M50 are provided in the supplemental material [35]. Crystallisation 
temperatures are not reported for CB7CB nor for the binary mixtures as the samples tend to 
supercool. The melting point of 102 °C [13] reported for CB7CB is the temperature obtained 
on heating the sample from the crystalline state. 
 
Table 1: List of transition temperatures (obtained by polarising optical microscopy 
experiments) and enthalpies of phase transition (determined using differential scanning 
calorimetry) for the CB7CB/5CB binary mixtures. I ± isotropic, N ± nematic, NTB ± twist-bend 
QHPDWLFSKDVHǻH ± enthalpy of 2nd cooling cycle at a cooling rate of 10 °C min-1. Values that 
were not measurable are represented with a dash (-). 
 
Compound 5CB (wt%) TNI (°C) ǻH (kJ/mol) TN-NTB (°C) ǻH (kJ/mol) 
CB7CB 0 119.09 0.90 106.33 1.19 
M10 10 108.83 0.68 92.37 0.46 
M25 25 94.25 0.62 72.16 0.18 
M30 30 87.03 0.69 61.17 0.16 
M35 35 85.39 0.50 59.43 no peak 
M40 40 79.18 0.60 45.19 no peak 
M45 45 71.70 0.26 32.10 no peak 
M50 50 66.03 0.46 - - 
M60 60 57.39 0.55 - - 
M75 75 50.57 0.71 - - 
5CB 100 34.97 0.58 - - 
 
The DSC curve of CB7CB shows a clear first order N-NTB phase transition with an 
enthalpy of 1.19 kJ mol-1. Furthermore, the magnitude of heat capacity for the N-NTB transition 
in CB7CB is higher than that of other dimeric liquid crystals which exhibit the twist-bend 
nematic phase [9]. It is to be noted that in pure CB7CB, the enthalpy of the isotropic to nematic 
transition (0.90 kJ mol-1) is slightly lower than the N to NTB transition (1.19 kJ mol-1). This was 
also the case for the second heating cycle, in which the enthalpies of the N-Iso and NTB-N 
transitions were 0.75 kJ mol-1 and 0.92 kJ mol-1, respectively. The pure CB7CB liquid crystal 
has been investigated by DSC before and the enthalpy of phase transition mentioned in this 
paper are comparable to previous studies [36,37]. 
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Figure 4 shows plots of enthalpy and entropy (inset) of the Iso-N and N-NTB phase 
transitions as a function of concentration for the binary mixtures. As the concentration of 5CB 
increases, on the left hand side of the diagram in Figure 4, the Iso-N enthalpies decrease from 
being 0.90 kJ mol-1 for pure CB7CB, to 0.26 kJ mol-1 for 45 wt% of 5CB in CB7CB. The 
corresponding entropies of Iso-N phase transitions given as an inset in Figure 4 also show a 
similar trend from 0.28 (for pure CB7CB) to 0.09 (for the 45 wt% 5CB in CB7CB mixture). 
On the right hand side of the enthalpy and entropy diagrams, as the concentration of 5CB 
increases, an increase in both the enthalpy and entropy of the phase transition is observed. It is 
important to emphasise that, as the concentration of 5CB increases, the energies associated 
with the N-NTB phase transition are reduced significantly from being 1.19 kJ mol-1 for pure 
CB7CB, to 0.16 kJ mol-1 for M30 (30 wt% of 5CB in CB7CB) as shown in Figure 4. The 
corresponding entropy of the N-NTB transition also decreases from 0.38 for pure CB7CB, to 
0.06 for 30 wt% 5CB in CB7CB (Figure 4 inset). It is to be noted that when the concentration 
of 5CB is increased beyond 30 wt%, no measurable enthalpies for the N-NTB transition were 
observed: mixtures M35, M40 and M45 do not show a clear, discernible N-NTB transition peak 
in their DSC curves (for the DSC curves of mixtures M35 and M40, see supplemental material 
[35]). However, in all these mixtures, at the N-NTB phase transition, clear textural changes 
having a sharp boundary between the nematic and twist-bend nematic phase with focal conic 
and rope-like textures characteristic of the NTB phase are observed using polarising optical 
microscopy. This implies that as the concentration of 5CB liquid crystal is increased in the 
binary mixtures, the entropy associated with the N-NTB phase transition decreases or the energy 
difference between the two phases decreases, as opposed to a clear first order N to NTB 
transition LQ SXUH &%&% 2Q IXUWKHU LQFUHDVLQJ WKH &% FRQFHQWUDWLRQ  50 wt%), the 
mixtures exhibit only the nematic phase till room temperature and the enthalpies of which 
shows a slight increase (M50, M60 and M75 in Table 1, and Figure 4). Further, the enthalpy 
of the Iso-N transition in M50 is 0.12 kJ mol-1 lower than that in pure 5CB. This might be due 
to the fact that in comparison to the sharper Iso-N transition peak observed for 5CB, where the 
ZLGWKRIWKHSHDNǻ7 = 6 °C, the DSC curve of M50 shows a broad Iso-N transition peak with 
ǻ7 = 10 &ǻ7LVWKHGLIIHUHQFHLQWKHWZRWHPSHUDWXUHVEHWZHHQZKLFKWKHWUDQVLWLRQSHDNLV
integrated to obtain enthalpy values). Mixture M60 also shows a broad isotropic to nematic 
WUDQVLWLRQSHDNKDYLQJǻ7 = 13 °C. 
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Figure 4 
 
C. Polarising optical microscopy 
Figure 5 shows the polarising optical microscopy (POM) textures of CB7CB liquid 
crystal in the nematic and twist-bend nematic phases when cooled from the isotropic phase and 
viewed between untreated glass substrates. The nematic phase exhibits schlieren textures, 
having 2- and 4-brush defects (Figure 5a), and a broken-fan-shaped texture is seen in the twist-
bend nematic phase (Figure 5b). In some of the mixtures, the NTB phase also shows focal conic 
(Figure 5c) and rope-like textures (Figure 5d). 
 
Figure 5 
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D. Dielectric properties 
7KHSORWVLQ)LJXUHVKRZWKHUHDOSDUWRIWKHGLHOHFWULFSHUPLWWLYLW\İ
DVDIXQFWLRQ
of reduced temperature for a fixed frequency of 10 N+]&ORVHGV\PEROVUHSUHVHQWİ
A (obtained 
by applying 0.1 VRMS to the device) values and RSHQ V\PEROV UHSUHVHQW İ
|| (obtained by 
applying 20 VRMS to the device; for more information, see Experimental section); only the 
isotropic and nematic phases are labelled. Figure 6a is the permittivity data for pure 5CB and 
mixtures M50, M60 and M75, and these materials show only the nematic phase (no NTB phase) 
until room temperature. The dielectric permittivity data for the mixtures which show the NTB 
phase in addition to the nematic phase is split into two plots for clarity, which are given in 
Figure 6b and Figure 6c. 
Pure 5CB and the two mixtures M60 and M75 that only show the nematic phase have 
similar isotropic permittivities, as shown in Figure 6a. On cooling from the isotropic phase, in 
WKHQHPDWLFSKDVHİ
A (closed symbols) decreases for all binary mixtures and pure materials 
DOOWKUHHSORWVJLYHQLQ)LJXUHZKHUHDVİ
|| (open symbols) increases in Figures 6a,b. This 
indicates a positive dielectric anisotropy for the materials in their nematic phase across the 
temperature range. On the other hand, the pure CB7CB and the mixtures M10, M25 and M30 
VKRZDGHFUHDVH LQİ
|| with decreasing temperature in the nematic phase (Figure 6c). More 
details are provided later. With respect to the permittivity in the NTB phase, for binary mixtures 
having a lower concentration of 5CB, i.e. M10, M25 and M30 D VLJQLILFDQW GURS LQ İ
|| is 
observed close to the N to NTB phase transition (Figure 6c). 
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Figure 6 
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$SORWRIGLHOHFWULFSHUPLWWLYLW\İ
A DQGİ
||) as a function of concentration for a fixed 
temperature of T-TNI = -5 °C is shown in Figure 7a. On increasing the concentration of 5CB, 
İ
|| increases linearly by a considerable amount, from 9.08 for pure CB7CB to 15.48 for pure 
&%7KHVORSHRIWKHOLQHDUILWLV,QFRQWUDVWWRWKLVWKHYDOXHVRIİ
A do not change 
significantly; instead, they show a slight decrease from being 7.25 in pure CB7CB, to 6.25 in 
pure 5CB. The change in permittivity in the nematic and twist-bend nematic phases
 
results in 
a considerable deviation in the average permittivity from the isotropic phase (details discussed 
ODWHU)LJXUHEVKRZVWKHGLHOHFWULFDQLVRWURS\ǻܭ) as a function of the concentration of 5CB 
at T-TNI = -5 °C in the nematic phases of the liquid crystals. Clearly, as more 5CB is added to 
WKH GLPHU ǻܭ increases linearly from 1.24 (in pure CB7CB), to 7.41 (in the 75 wt% 5CB 
mixture). The slope of linear fit is 0.079. 
 
Figure 7 
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Assuming cylindrical symmetry of the liquid crystals, the average dielectric 
permittivity is calculated as an average of the permittivity contributions measured along the 
two molecular axes: ߝԢ௔௩௘௥௔௚௘ ൌ ሺߝצ ൅  ?ୄߝ ሻȀ ?. Figures 8a-d show plots of the real part of the 
dielectric permittivity and the average value as a function of temperature. Figure 8a 
corresponds to M25 ± a mixture which exhibits the nematic and NTB phases, and Figure 8b 
corresponds to M50 ± a mixture which exhibits only the nematic phase. Dielectric permittivity 
plots for pure CB7CB and 5CB have also been presented for comparison in Figure 8c and 
Figure 8d, respectively. In pure cyanobiphenyls, a decrease in ܭ'average at the nematic to isotropic 
transition has been attributed to the antiparallel correlation of the dipole moment in the nematic 
phase of the liquid crystals. Likewise, a decrease in the average dielectric permittivity at the 
isotropic to nematic phase transition in cyanobiphenyl-based odd dimers (dimers having an odd 
number of alkyl units in the spacer chain) has been observed before [30]. Such behaviour has 
been attributed to a shift in the distribution of the conformer population at the isotropic to 
nematic phase transition. SSHFLILFDOO\DVLJQLILFDQWGHFUHDVHRIİ
average in pure dimeric liquid 
crystals indicates an increase in the average number of bent conformers. In general, the 
UHGXFWLRQLQİ
average suggests a strong decrease in the mean-square dipole moment upon cooling 
from the isotropic state. The cyanobiphenyl-based dimers with an odd number of spacer units 
exhibit bent and hairpin conformations. The bent conformers have a zero mean-square dipole 
moment if the angle between the terminal dipoles is greater than 90°. This gives rise to a non-
zero contribution to the orientational dielectric permittivity. In contrast, hairpin conformers 
have a small angle between the terminal polar groups, resulting in a large mean-square dipole 
FRQWULEXWLRQWRİ
||DQGKHQFHWRİ
average. Now, in case of the binary mixtures of CB7CB+5CB 
liquid crystals, the mixture M50 (Figure 8b), which only exhibits the nematic phase, behaves 
in a similar way to pure 5CB (Figure 8d), showing very little change in the average dielectric 
permittivity across the temperature range of the isotropic and nematic phase (Figure 8b, open 
triangles). On the other hand, the mixture M25 (Figure 8a) shows a significant reduction in 
İ
average, which is similar to the behaviour of pure CB7CB (Figure 8c). It should be noted that 
at lower temperatures in the NTB SKDVHRI&%&%WKHǻܭ reduces considerably and becomes 
zero indicating the possibility of dual frequency responses. Whereas, in the NTB phase of the 
ELQDU\PL[WXUHVWKHǻܭ remains positive throughout the temperature range. It should also be 
noted that permittivity measurements given here correspond to a frequency of 10 kHz as 
opposed to permittivities obtained in the range 106 to 1.8×109 Hz in reference [4]. A plot of 
average permittivity as a function of reduced temperature for a set of binary mixtures is given 
in Figure 8e. Closed symbols represent mixtures that only exhibit the nematic phase and open 
symbols represent mixtures with both the nematic and NTB phases. As the temperature 
decreases, the mixtures which form the NTB phase (M10, M30 and M40) show a clear reduction 
in the average dielectric permittivity. Figure 8f shows the average permittivity as a function of 
concentration at various temperatures below TNI. A linear increase in İ'average as a function of 
composition is seen for binary mixtures exhibiting the twist-bend nematic phase (0 ± 40 wt% 
5CB), with İ'average increasing from 7.77 for pure CB7CB to 9.07 for the 40 wt% mixture, where 
both values correspond to İ'average at T-TNI = -6 °C. The İ'average values for the 45 wt% and 
50 wt% 5CB mixture further decrease compared to the 40 wt% mixture, and then there is a 
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sudden increase in value for the 60 wt% 5CB mixture. The 60 wt% and 75 wt% mixtures have 
average permittivities very similar to those of pure 5CB. 
 
Figure 8 
 
 7KH LPDJLQDU\ SDUW RI WKH GLHOHFWULF SHUPLWWLYLW\ İ

 LV PHDVXUHG DV D IXQFWLRQ RI
frequency for all binary mixtures and pure materials in planar and homeotropic devices. In a 
planar device, for pure 5CB and mixtures exhibiting only the nematic phase, such as M50, 
M60 and M75, no relaxation peak was observed within the measured frequency window. In 
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contrast, for pure CB7CB and for mixtures having the NTB phase, a single relaxation peak (P1) 
was observed in both planar (P1A) and homeotropic (P1||) device geometries at temperatures 
corresponding to the NTB phase, apart from the mixture M45 in a planar device. A 
representative plot of the imaginary part of dielectric permittivity as a function of frequency 
for the binary NTB mixture M25 is given in Figure 9. As the sample is cooled from the isotropic 
state, no relaxations were observed in the frequency range 1 kHz to 2 MHz in the nematic 
phase, however, a relaxation peak (P1A) appears close to the nematic to twist-bend nematic 
phase transition. On further cooling the sample, P1A shifts to lower frequencies, falling between 
the 104 ± 105 Hz frequency range at ~25 oC (marked with a box in Figure 9). In homeotropic 
GHYLFHVZLWKİ

UHVXOWVVLPLODUWRWKRVHLQSODQDUGHYLFHVDVWKHFRQFHQWUDWLRQRI&%LQFUHDVHV
a single relaxation peak, P1|| was observed for mixtures M10 ± M45.  
 
Figure 9 
 
 Further, the dielectric loss was fitted to the Havriliak-Negami equation [34] to obtain 
the relaxation frequencies (fR DQGGLHOHFWULF VWUHQJWKV įİRISHDN3%RWK WKH UHOD[DWLRQ
frequency and dielectric strength of P1 for CB7CB and all binary mixtures in which the NTB 
phase is observed are given as a function of reduced temperature in Figure 10. Figures 10a,b 
show the relaxation frequency and dielectric strength of P1A
 
and Figures 10c,d show the same 
for P1||. The lowest temperature at which dielectric properties are measured ranges between 
25 ± 45 °C, hence the temperature windows given in Figure 10 vary. The most important 
feature to note is that relaxation frequencies of the dimer and all binary mixtures given in 
Figures 10a,c (M10 ± M45, irrespective of the alignment of the director) decrease as the 
temperature is lowered. The dielectric strength given in Figures 10b,d generally increases as 
the temperature decreases and also tends to increase in value as the concentration of 5CB 
increases. However, in Figure 10b the dielectric strength of P1A
 
in pure CB7CB (square 
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symbols) shows a slight decrease (at T-TN-NTB = -28 &įܭ = 0.11 and at T-TN-NTB = -58 °C, 
įܭ = 0.095). The measurability of the relaxation peak cannot be linked to frequency, as the 
relaxation peak emerges at varying frequencies for certain mixtures. For example in Figure 
10c, M25 becomes measurable at a higher frequency than CB7CB, but also has a smaller 
frequency window compared to CB7CB. A link could be made between the concentration of 
5CB in the mixtures and the temperature at which P1A emerges in the measurable frequency 
window in Figure 10a ± as the concentration of 5CB decreases, the temperature at which P1 
becomes measurable shifts further away from the N-NTB phase transition. For example, peak 
P1A becomes measurable for mixture M35 at T-TN-NTB = -5 °C and for CB7CB at 
T-TN-NTB = -28 °C. The 45 wt% mixture M45 in Figure 10c shows P1|| in the nematic phase as 
well as in the NTB phase, close to the N-NTB transition; the boundary between the nematic and 
twist-bend nematic phases is represented with a vertical, dashed line on the graph. A sudden 
drop in the relaxation frequency at the N-NTB phase boundary of M45 (circle symbols) can be 
seen. 
 
Figure 10 
 
The dipole moment of the nematic and twist-bend nematic phases of CB7CB results in 
two relaxation modes involving rotational dynamics: an end-over-end or flip-flop motion of 
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WKHGLSROHVSDUDOOHOWRWKHGLUHFWRUDQGDSUHFHVVLRQDOPRWLRQRIWKHGLPHU¶VGLSRle groups units 
about the director. For the pure dimer and binary mixtures studied in perpendicular and 
homeotropic devices, the relaxation peak P1 shifts towards lower frequencies on cooling, as 
seen in Figures 10a,c. This relaxation can be correlated to the flip-flop motion of the dipolar 
groups parallel to the director, as seen in previous studies for CB7CB [4], CB9CB [24] and 
BCB.O11 [27]. 
 To understand the relationship between activation energy of the relaxation process P1 
and the concentrations of liquid crystals, the temperature dependence of relaxation frequencies 
are fitted to the Arrhenius equation. A plot of log10 values of relaxation frequencies as a 
function of the inverse of temperature (1/T) of P1 for the 25 wt% 5CB mixture M25 is given 
in Figure 11a. Figure 11b shows log10 values of relaxation frequencies as a function 1/T for 
mixtures M10 ± M40 that exhibit the NTB phase. Activation energies (Ea) of P1 in the NTB 
phase are calculated from the gradient of the plot and are given in Figure 11c as a function of 
the concentration of 5CB, where errors calculated from the linear fitting are also included. The 
graph in Figure 11c shows that for perpendicular alignment of the director (square symbols) 
the 40 wt% mixture has Ea = 31.90 ± 1.09 kJ mol-1 and the activation energy of pure CB7CB 
(32.90 kJ mol-1) fits within the error of the measurements for the 40 wt% mixture. This implies 
that for all binary NTB mixtures, the activation energy remains almost constant. The 25 wt% 
and 30 wt% of 5CB mixtures in homeotropic devices both clearly deviate in comparison to 
their planar devices (Figures 11b,c). For the 25 wt% mixture in a planar device 
Ea = 32.62 kJ mol-1, and in a homeotropic device Ea = 19.92 kJ mol-1. For the 30 wt% mixture 
in a planar device Ea = 27.22 kJ mol-1, whereas for the homeotropic device Ea = 12.07 kJ mol-
1
. This could be due to the fact that for these two mixtures, the activation energies in 
homeotropic devices were calculated for a data set at a smaller temperature window compared 
to the planar devices ± in Figure 11b, for the 30 wt% mixture, P1|| is observed only across a 
2.5 °C temperature window. It is also noted that the activation energies of the 10 wt% 5CB and 
the 40 wt% 5CB have very similar values in both perpendicular and homeotropic devices. 
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Figure 11 
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IV. CONCLUSIONS 
A detailed investigation of the thermal and dielectric properties of a series of binary 
mixtures exhibiting the nematic and twist-bend nematic liquid crystal phases has been 
presented, with the aim to understand the influence of the calamitic liquid crystal 5CB on phase 
transition temperatures, the stability of the NTB phase and the dielectric properties of the 
dimeric liquid crystal. A phase diagram of the two-component system is presented in Figure 3, 
which shows features such as a linear decrease in the phase transition temperatures of the binary 
mixtures and an increase in the width of the nematic phase, both as the concentration of the 
calamitic liquid crystal is increased. Differential scanning calorimetry measurements were 
undertaken to calculate enthalpies of transitions, and to understand the nature of the N to NTB 
SKDVHWUDQVLWLRQ&RPSDUHGWRDILUVWRUGHUWUDQVLWLRQVHHQLQWKHSXUHGLPHUZLWKǻ65 = 0.38), 
an increase in the concentration of the calamitic liquid crystal resulted in a significant decrease 
in the associated energies of the N-NTB phase transitions. No measurable enthalpies could be 
obtained for the N-NTB transition when the concentration of 5CB was increased beyond 
30 wt%, even though these mixtures showed a sharp transition between the nematic schlieren 
texture to the focal conic and rope-like textures of the twist-bend nematic phase when observed 
by polarising optical microscopy.  
The measurement of the real and imaginary parts of the dielectric permittivity for both 
planar and homeotropic alignment of the liquid crystal in the nematic and NTB phases of the 
binary mixtures showed two important features. The first was a significant decrease in the 
average dielectric permittivity as a function of temperature for mixtures forming the NTB phase 
(see Figure 8e). Interestingly, this decrease was seen even in the nematic phase, prior to the 
NTB transition. The second important feature was the observation of a single relaxation peak 
for all binary mixtures exhibiting the NTB phase, which emerged in the NTB phase and on 
decreasing the temperature shifted towards lower frequencies (in the 104 ± 105 Hz range). A 
combination of these two features could be used to indicate the presence of a twist-bend 
nematic phase in the absence of polarising optical microscopy and DSC measurements. 
Relaxation frequencies (fR) for all binary CB7CB/5CB mixtures and pure materials decreased 
on cooling from the isotropic state. The relaxation peak correlated to the flip-flop motion of 
the dipolar groups parallel to the director. The relaxation frequencies were fitted to the 
Arrhenius equation from which activation energies of mixtures exhibiting the twist-bend 
nematic phase were calculated. No significant variation in the activation energy was observed 
as the 5CB concentration was changed in the binary mixtures.  
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Figure captions 
Figure 1: Schematic representation of the twist-bend nematic phase in a liquid crystal 
dimer: pTB represents the pitch of the helix, consisting of only a few molecules; ș represents 
the tilt angle; n and h are the direction of the director and the helical axis, respectively. 
 
Figure 2: Chemical structures of 1'',7''-bis(4-cyanobiphenyl-4'-yl) heptane (CB7CB) and 
4-cyano-4'-pentylbiphenyl (5CB) liquid crystals. 
 
Figure 3: Gibbs phase diagram of the binary mixtures of 5CB and CB7CB liquid crystals 
obtained by polarising optical microscopy. The diagram shows the effect of varying the 
concentration of 5CB liquid crystal on the phase transition temperatures of the mixtures. 
 
Figure 4: Plot of the enthalpy and entropy (inset) of phase transitions of the binary 
mixtures as a function of concentration. Squares represent isotropic to nematic transitions and 
triangles present nematic to NTB transitions. 
 
Figure 5: POM images of the CB7CB liquid crystal showing: (a) the schlieren texture in 
the nematic phase at T-TNI = -2 °C, and (b) the broken-fan-shaped texture of the NTB phase at 
T-TN-NTB = -2 °C. POM images of: (c) the focal conic texture of the NTB phase of M35 at 
T-TN-NTB = -13 °C, and (d) the rope-like texture of the NTB phase of M45 at T-TN-NTB = -4°C. 
For (a), (c) and (d) the length of scale bar is 300 µm, whereas for (b) the scale bar is 100 µm. 
 
Figure 6: Plots of the real part of the dielectric permittivity (ܭ') as a function of reduced 
WHPSHUDWXUHIRUERWKSHUSHQGLFXODUİ
ADQGKRPHRWURSLFİ
||) alignment of the director at a 
fixed frequency of 10 kHz for: a) 5CB, M50, M60, M75; b) M35, M40, M45; c) CB7CB, 
M10, M25, M30&ORVHGV\PEROVUHSUHVHQWİ
A DQGRSHQV\PEROVUHSUHVHQWİ
||. 
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Figure 7: 3ORWV RI D İ
|| WULDQJOHV DQG İ
A (squares) at TNI ± 5 °C, and (b) dielectric 
DQLVRWURS\ ǻܭ) as a function of concentration at T = TNI ± 5 °C and f = 10 kHz. The lines 
represent linear fits to the data set.  
 
Figure 8: 3ORWVRISDUDOOHO İ
||SHUSHQGLFXODUİ
ADQGDYHUDJHSHUPLWWLYLW\ İ
average) at 
10 kHz measured over temperatures of the isotropic, nematic and twist-bend nematic phases 
for: (a) M25; (b) M50F&%&%GSXUH&%3ORWVRIWKHDYHUDJHSHUPLWWLYLW\İ
average) 
for mixtures and pure material: (e) as a function of reduced temperature in the N and NTB 
phases, and (f) as a function of concentration of 5CB in the nematic phase. 
 
Figure 9: PlRWV RI WKH LPDJLQDU\ SDUW RI GLHOHFWULF SHUPLWWLYLW\ İ

 DV D IXQFWLRQ RI
frequency in the mixture M25 (25 wt% 5CB), measured in a 10 µm planar cell. 
 
Figure 10: (a) Relaxation frequency (fR) as a function of reduced temperature for 
perpendicular DOLJQPHQW RI WKH GLUHFWRU E GLHOHFWULF VWUHQJWK įİ D IXQFWLRQ RI UHGXFHG
temperature for perpendicular alignment of the director; (c) fR for parallel alignment of the 
GLUHFWRUGįİIRUSDUDOOHODOLJQPHQWRIWKHGLUHFWRU 
 
Figure 11: Relaxation frequency (fR) as a function of 1/T, for both perpendicular and 
parallel alignment of the director of: (a) M25; (b) mixtures M10 ± M40 exhibiting the NTB 
phase. (c) Activation energy (Ea) as a function of 5CB concentration for pure CB7CB and 
mixtures M10 ± M40. Ea is calculated for the NTB phase and errors are obtained from linear 
fitting; squares and triangles represent activation energies for perpendicular and parallel 
alignment of the director, respectively. 
 
 
